Various peatland restoration strategies developed during the last two decades have aimed to stop degradation and bring back the original hydrology, biodiversity and other peatland functions. This study evaluated progress 6-15 years after rewetting in vegetation development, physicochemical properties of peat, soil organic matter (SOM) quality and microbial activity in previously long-term drained bogs and spruce swamp forests (SSF) in comparison with pristine and long-term drained sites in the Bohemian Forest, Czech Republic.
Introduction
Peatlands accumulate organic matter under the prevailing waterlogged conditions, which constrain litter decomposition [1] . The position of the water table controls the balance between peat accumulation and decomposition. Therefore, peatland functioning is very sensitive to changes in hydrology that may be caused by climate or land use changes [1] .
There is a strong argument for the protection and restoration of peatlands for the sake of the hydrological, biological and carbon (C) sequestration ecosystem services they offer [2, 3] . In Central Europe, peatlands -as a relict boreal ecosystem -significantly contribute to biodiversity and play an important role in the hydrology of the landscape. However, most peatlands in this region were destroyed or have been disturbed by human activities [4, 5] . The Bohemian Forest, including the Šumava National Park, is an exceptional area within Central Europe due to the abundance of peatlands; however, about 70% of them have been influenced by drainage. Large-scale restoration efforts were initiated more than a decade ago, with the aim of revitalising the bogs and spruce swamp forests (SSF) characteristic for this region.
Artificial drainage and peat mining disturb the natural processes of peat formation and accelerate soil organic matter (SOM) mineralisation, resulting in a net release of C [6] .
Drainage generally results in changes in vegetation composition accompanied by changed litter quality, which are followed by changes in peat physicochemical properties and nutrient availability [5, 7, 8] . Long-term exposure of the surface peat layers to aerobic decomposition in drained or cutaway peatlands results in decreased quality and decomposability of SOM.
Labile SOM fractions are depleted and recalcitrant fractions predominate [9] . Low availability of substrate and unfavourable C:N:P stoichiometry of peat and incoming litter is reflected in decreased microbial biomass and activity [7, [10] [11] [12] . The extent of changes in ecosystem functioning (degradation) depends on the intensity of the disturbance. It also varies between different peatland types, with more pronounced draining effects in nutrient-richer minerotrophic fens than nutrient-poor and acidic ombrotrophic bogs [10, 13, 14] . Based on existing data from drained and restored peatlands, a more dynamic response to hydrological restoration can be expected in fens than in bogs, especially dieback of trees, changes in light conditions and relatively fast proliferation of the plant species characteristic of undrained sites [15] [16] [17] .
A number of peatland restoration activities have been developed during the last two decades with the aim to stop degradation and bring back the original ecosystem functions such as peat formation, water retention and biodiversity [2, 18] . Typical peatland vegetation can be quickly restored and is therefore the most visually obvious indicator of restoration progress, while recovery of other (belowground) ecosystem attributes may take longer [19, 20] . Microorganisms are the main drivers of SOM transformations and therefore their activity and abundance may reflect SOM quality and physicochemical properties [8, 10, 21] . Studies with cutaway peatlands determined that poor substrate quality was the main reason for low microbial biomass and low CO 2 and CH 4 production during the first years after rewetting [22] [23] [24] . It is thus assumed that the spreading of peatland vegetation and accumulation of new litter following this intervention will lead to an improvement of SOM quality in the surface layer. This can be assessed by Fourier Transform Infrared (FTIR) spectra analysis of peat, which has been found a useful tool for evaluation of SOM composition and monitoring of restoration efforts [25] . Vegetation succession after rewetting can result in differences in SOM in terms of C availability, which can be reflected in increases of microbial biomass and activity [26] . For example, methanogenic archaea and CH 4 dynamics are known to react sensitively to environmental changes [10, 27] . Therefore, the regeneration of CH 4 production after peatland rewetting might be considered not only as an indicator of stable anaerobic conditions but also of the re-establishment of original microbial processes and substrate availability [23] . Nurulita et al. [28] suggest that soil pH, enzyme activities and soil microbial diversity may be useful indicators in terms of monitoring restoration progress.
This study aimed to evaluate the succession of vegetation after the rewetting on previously long-term drained bogs and SSF and to investigate whether the vegetation shift is reflected belowground in peat physicochemical properties and shifts in microbial activities, including enzyme activity. Specifically, we (i) compared the responses of SSF and bogs to long-term drainage and rewetting with a focus on vegetation and peat biogeochemical properties, SOM quality and production of CO 2 and CH 4 and (ii) assessed the restoration progress in a SSF four years after a previous study by Mastný et al. [29] , who evaluated SOM quality and microbial activity 3-7 years after rewetting of the same SSF study sites. (iii) Based on our results, we put forward ecologically meaningful indicators in order to improve future monitoring of restoration schemes.
We hypothesised that peat at long-term drained sites has a higher C:N:P stoichiometric ratio and a high proportion of recalcitrant SOM, resulting in low soil microbial activity.
Rewetting connected with recolonisation by characteristic peatland vegetation will reverse this trend and peat properties will start to change back towards the original state. We expected that microbial activities driven by the input of recent plant assimilates would respond more rapidly than overall peat quality and enzyme activity linked to peat decomposition. Lastly, we expected that bogs would be more resistant and SSF more sensitive to shifts in hydrological conditions.
Material and Methods

Study sites
We selected 12 sites in the Bohemian Forest, south-western Czech Republic (48°59' N, 13°28' E), representing two main types of peatlands: bogs (BOG) and spruce swamp forests (SSF). The study sites ranged in altitude from 1100 to 1260 m a.s.l.; mean annual precipitation was between 1000 and 1200 mm and mean annual temperature between 3.2 and 4°C (1961 to 1990, statistics by the Czech Hydro-Meteorological Institute).
For each peatland type, six study sites were selected, two each of three different management types: i) pristine (unmanaged) peatlands (BOGp n=2, SSFp n=2); ii) long-term drained peatlands (BOGd n=2, SSFd n=2); iii) rewetted (restored) peatlands after long-term drainage (BOGr n=2, SSFr n=2). The rewetting of the two BOGr sites was done 6 and 15 years and that of the two SSFr sites 6 and 9 years before this study, respectively. All the disturbed sites were drained in the 1960s to increase forest productivity; however, no tree planting or other type of management was carried out after drainage and the sites were left abandoned. Rewetting was achieved by blocking ditches, using timber dams and partial filling of ditches with organic material.
BOGp were dominated by common plant species characteristic for different microhabitats 
Peat sampling and basic analyses
The sampling procedure used a systematic design of six sampling plots within a 20 x 20 Peat was sampled using a box corer (6.5 x 5.5 cm 2 inner dimension) to a depth of 30 cm and the cores were divided into upper (0-10 cm) and lower (10-30 cm) layers. The peat samples were homogenised by hand and woody material and roots were removed.
A portion of each sample was dried at 60°C to constant weight, milled and analysed for total C (C TOT ) and N (N TOT ) content with a Micro-cube elemental analyser (Elementar, Germany). Total P (P TOT ) was measured colorimetrically as orthophosphate on a flow injection analyser (FIA, Lachat QC8500, Lachat Instruments, USA) after perchloric acid digestion. Soil pH was measured after shaking 10 g of fresh sample with 25 mL of distilled water and letting it stand for 2 hours. Bulk density was determined by weighing the individual intact samples after drying at 70°C.
Microbial biomass and CO 2 and CH 4 production
Soil microbial biomass C (C mic ) and N (N mic ) were measured after chloroform fumigationextraction of fresh peat samples [30] ; concentrations of dissolved organic C and dissolved N in the soil solution were analysed with a LiquiTOC II (Elementar, Germany). C mic and N mic were calculated as the differences between C and N contents in fumigated and non-fumigated samples, using correction factors of 0.3 [30] and 0.54 [31] , respectively.
Microbial activity was characterised as potential aerobic and anaerobic CO 2 production and potential anaerobic CH 4 production under laboratory conditions for a period of 50 days at 10°C. Homogenised peat (10 g) was placed in a 120 mL glass bottle, which was tightly closed with a rubber stopper. The aerobic samples were ventilated regularly. In the anaerobic treatments, the headspace was flushed with helium and the bottles were kept tightly closed for the whole incubation period. Gas in the headspace was sampled each week and the concentrations of CO 2 and CH 4 were determined by gas chromatography (HP 6850 and HP 6890 gas chromatographs, Agilent, USA). Rates of CO 2 and CH 4 production were calculated as averages for the whole incubation period.
Potential enzyme activity
Potential activities of extracellular hydrolytic enzymes were determined by microplate fluorometric assays under standardised laboratory conditions [32] with some modifications [33] . Briefly, 1 g of soil was suspended in 100 mL of distilled water and sonicated (35 [34].
Activities of oxidative enzymes (Eox) were added up to characterise the soil potential to degrade lignin-like compounds. Hydrolytic enzymes (E HYDR ) were divided into the following categories: β-glucosidase and cellobiohydrolase activities represent C acquisition enzymes, leucine-aminopeptidase and chitinase activities enzymes involved in C and N acquisition, and phosphatase activity P acquisition.
SOM quality: sequential chemical fractionation and IR spectroscopy
Chemical fractionation was applied to separate soil organic matter (SOM) pools according to their mobility and potential availability [35] . Four fractions were separated by sequential extraction of samples with cold water (CW), hot water (HW), hot acid (HAE), leaving behind a non-hydrolysable residue (NON). Briefly, 5 g of fresh subsample was extracted by shaking with 20 ml of deionised water for 1 h at room temperature. The soil solution was then centrifuged at 4500 x g for 20 min and the supernatant filtered through a glass-fibre filter (0.45 µm) and frozen [36] . The same sample was re-extracted with 20 mL of hot water (80°C) for 18 h, followed by centrifugation, filtration and freezing of the filtrate.
Both water extracts were then analysed for total C and N content with LiquiTOCII (Elementar, Germany), and the CW extract was additionally analysed for soluble reactive phosphorus (SRP) with a flow-injection analyser (FIA Lachat QC8500, Lachat Instruments, USA). Acid hydrolysis was then applied to the dried and milled peat samples (0.1 g of sample + 10 mL of 6M HCl) at 110°C for 18 h according to Leavitt et al. [37] . The non-hydrolysable soil fraction was dried and analysed for total C and N contents and weight loss. were corrected by standard normal variate transformation and second derivative using
Unscrambler software (CAMO, Norway).
Statistics
The differences between the differently managed sites (pristine, drained, restored) for each biogeochemical variable of peat were tested within each peatland type (BOG and SSF) and layer (upper 0-10 cm and lower 10-30 cm) using one-way ANOVA followed by the posthoc Tukey test when significant effects were detected. The overall effect of management and layer on each biogeochemical variable was tested separately for each peatland type using factorial ANOVA (STATISTICA 11, Stat Soft).
Principal component analysis (PCA) was used to evaluate the similarity of vegetation between the pristine, drained and restored sites. The effect of management on vegetation cover of different plant functional groups was also tested by one-way ANOVA followed by the post-hoc Tukey test when effects were significant. PCA was also used to distinguish the effect of management and peat layer on selected biogeochemical properties of peat and SOM quality (Canoco 5). The data were standardised by species and log-transformed.
The percentage of variation in infrared spectroscopy data explained by management and peat layer was analysed by redundancy analysis (RDA). Calibration models for quantification of several SOM quality parameters from infrared spectra were built using partial least squares 
Results
Effect of drainage and rewetting on water table and vegetation
The average water table position (WT) was -8.5±2.3 cm and -9±5.5 cm in the pristine peatland types BOGp and SSFp, respectively. Average WT in BOGd and SSFd (-20±8 cm and -34±13 cm, respectively) was significantly lower than in the pristine sites (p<0.01) and fluctuated more strongly during the season. Rewetting increased and stabilised WT in both
BOGr and SSFr (-12±4.6 cm and -14±7.7 cm, respectively) compared with the drained sites (p<0.01).
The overall composition of the plant community did not differ between the management types; however, some plant functional groups (sedges, forest mosses and Sphagnum mosses) varied in their cover between the management types. The most distinctive differences were found between the pristine sites and the other two treatments, with the restored sites already
showing some dissimilarity to the drained sites, clustering closer to the pristine sites (Fig. 1 ).
Drainage significantly decreased the cover of sedges in both BOGd and SSFd compared to the pristine sites, while dwarf shrubs became dominant (Fig. 2) . Similarly, Sphagnum mosses, which were the dominant species of the floor layer in BOGp and SSFp, retreated after drainage in favour of forest mosses. The rewetted sites showed partial recovery of the original vegetation. The SSF sites showed a more dramatic vegetation shift after drainage as well as a more pronounced return after rewetting than the BOG sites ( Fig. 1, 2 ).
Effect of drainage and rewetting on physicochemical properties of peat
The effect of drainage and rewetting on the basic physicochemical properties of peat varied between the peatland types. In BOG, management did not affect any of the basic peat properties (pH, bulk density, C TOT , P TOT , C:P) except for N TOT , which was lower in BOGd, as reflected in the increased peat C:N ratio (Table 1) . Almost all basic peat parameters differed between the upper and lower peat layers at the BOG sites. By contrast, the SSF sites did not show any clear stratification in peat characteristics with depth, except for a significantly lower P content in the lower than in the upper peat layer. However, most of the SSF peat parameters were significantly influenced by management, except for the peat C concentration and its N:P ratio (Table 1) . SSFd had more acidic peat with higher bulk density, containing more N and P, than SSFp, and thus significantly lower C:N:P ratios. Soil pH in SSFr increased to the level of SSFp peat, while peat bulk density and nutrient concentrations remained high and comparable with SSFd.
Effect of drainage and rewetting on microbial biomass, respiration and enzyme activity
In contrast to the basic peat properties, soil microbial biomass and microbial respiration were strongly stratified with depth in both peatland types, being significantly higher in the upper than the lower peat layer (Table 2) . Generally, although microbial biomass was comparable between BOG and SSF, the nutrient-richer SSF showed higher potential aerobic respiration, CH 4 production and oxidative potential (Table 2) . Interestingly, the hydrolytic enzymes were more active in BOG.
The microbial biomass was significantly influenced by management and responded generally in a similar way in both peatland types. C mic was the highest in both BOGp and SSFp and significantly decreased in the drained sites (Table 2) . BOGr showed equal C mic content as BOGp, while C mic in SSFr remained low. Similar trends were observed for N mic , but the effect of management was not significant.
The anaerobic CO 2 production rate was significantly reduced by drainage in both BOGd (in the lower layer) and SSFd (in both layers), with a more pronounced decrease in SSFd. CH 4 production was significantly reduced by drainage in SSFd only and not in BOGd (Table 2) . In all cases, the anaerobic CO 2 and CH 4 production rates were lower on restored compared to pristine sites.
Management influences the ratio of C-acquiring to P-acquiring enzymes. The majority of hydrolytic activity was comprised of P-acquiring enzymes (75-90%) in both peatland types, independently of management. Still, the relative contribution of P-acquiring enzymes significantly decreased in favour of C-acquiring enzymes in both BOGd and SSFd compared to pristine sites, with restored sites showing intermediate values.
Principal component analysis (PCA) based on the biogeochemical peat parameters and microbial characteristics confirmed the dominant effect of peat layer over the effect of management (Fig. 3a, b) . Samples from the upper and lower layers were clearly separated along the first axis, which explained most of the variability between the samples (64.3% for BOG; 49.5% for SSF). The second axis, representing the effect of management, explained less than 20% of the variability in the samples, but the effect of drainage was still detectable.
Samples from BOGd were separated from BOGp in both layers, reflecting decreased microbial biomass and activity (Fig. 3a) , Between-layer differences were significant for most fractions in BOG (Table 3 ). The lower BOG layer was enriched in CW C, N and SRP while the upper BOG layer contained more HAE N and NON N. Such differences were not found in SSF, where the upper layer had higher contents of HW C and N and lower contents of NON C and N than the lower layer.
The effect of management was generally similar in both peatland sites; the NON fraction increased and the HAE fraction decreased in size on drained compared to pristine sites, with the effect being more pronounced in the upper layer ( Table 3 ). The PCA diagram of BOG samples shows the dominant effect of peat layer on SOM quality and the weaker effect of management (Fig. 3c) . The samples from different BOG layers were separated along the first axis, which explained 43.1% of the variability in the data (Fig. 3c) . However, the effect of management on SOM quality was reflected most clearly in the changing content of HAE C and HW C along the second axis, which explained 25.6% of the variability in the data. By contrast, the PCA diagram of SSF samples shows a significant effect of drainage on SOM quality (Fig. 3d) . The samples from both layers in the SSFd and SSFr sites were separated from the SSFp samples, which reflected the changing content of the recalcitrant NON fraction. The effect of soil layer on SOM quality in SSF was also evident, but did not overrule the effect of management.
Infrared spectroscopy of SOM
The results of infrared spectroscopy of SOM correspond to the results obtained by chemical fractionation and confirmed the distinct responses of the two peatland types to management (Fig. 3e, f) . In the case of BOG, the main portion of variation in the peat infrared spectra was explained by differences between the peat layers (25%) with minimal effect of management (3%). By contrast, variation of SSF peat spectral data was explained by management (23%) while the differences between the layers were negligible. SOM from SSFd and SSFr was enriched in recalcitrant compounds, such as lignin-like structures and aromatic and aliphatic compounds, while they contained lower amounts of polysaccharides and cellulose compared to SSFp (Fig. 3f) . In BOG, the upper layer was enriched in recalcitrant compounds compared with the lower layer (Fig. 3e ).
SOM quality parameters were quantified with good accuracy using infrared spectroscopybased regression models (Fig. 4) . RMSE of prediction was only 2-7% of the average reference values for C and 6-14% of the average reference values for N.
Discussion
Drainage effects on peat and microbial properties in bogs and spruce swamp forests
Long-term drainage of the peatlands caused substantial changes in SOM quality. Peat in the drained sites had a higher bulk density and a larger proportion of the recalcitrant fraction than in the pristine sites. These differences are a consequence of enhanced organic matter decomposition following aeration of the upper peat layer, which leads to depletion of labile C forms and peat compaction. This change in organic matter quality was further intensified by a shift in vegetation structure towards shrubs and trees, which supply the soil with litter that decomposes slowly, likely due to its high content of lignin-like compounds [38, 39] . In contrast to the bogs, the SSF sites experienced additional substantial changes to the soil after drainage, such as significant acidification and an increase in N and P contents in the newlyformed SOM in the upper 10 cm of soil. The more sensitive response to drainage of SSF compared with bogs is likely connected with its originally higher pH, trophic status and peat quality, which is related to the large contribution of nutrient-richer and more degradable sedge litter [38] . Such peat is more susceptible to decomposition after drainage. The increased nutrient availability stimulates faster spreading of new vegetation and a more pronounced change in its composition as well as in the structure of the soil microbial community [8, 10, 13, 15] .
The higher recalcitrance and acidity of the SOM in the long-term drained sites is known to limit microbial activity and diversity [8, 11, 22, 40] . We identified a decrease in soil microbial biomass C and in anaerobic CO 2 production as the most sensitive microbial indicators of peatland disturbance by drainage. These factors were consistent for both bogs and SSFs. The potential CH 4 production, often suggested as a sensitive indicator of peatland degradation [10, 27] , significantly decreased only in drained SSF but not in drained bogs. In bogs, the harsh conditions and a shortage of suitable substrates enabled only very low CH 4 production even in pristine sites. Similarly, the effect of drainage on enzyme activities was insignificant and inconsistent between the two types of peatlands. While the total activity of hydrolases decreased in drained bogs together with decreasing soil microbial biomass, it tended to increase in drained SSF. Oxidative enzymes also tended to be more active in drained than in pristine SSF, while they were not affected by drainage in bogs. This can be related to the enhanced growth of spruce trees in drained SSF and the accompanying spread of ectomycorrhizal fungi and their enzyme production [41] . Despite the difference between bogs and SSF in drainage effects on hydrolytic enzyme activities, there was a consistent increase in relative investments into C-acquiring enzymes to the detriment of P-acquiring activity in both types of systems.
In summary, our results suggest that the drainage effect on peatland characteristics and functioning is more pronounced in SSF in comparison with the relatively resistant bogs. The changes in the systems were best indicated by increased peat compaction and SOM recalcitrance, which were tightly connected with decreased soil microbial biomass and anaerobic respiration and enhanced relative investment in C-acquiring enzyme activity.
Rewetting effect on peat and microbial properties in bogs and SSF
The functioning of peatlands depends on the fragile connection between water tables and vegetation communities [42] . Our results showed that peatland rewetting effectively initiated the recovery of hydrological conditions characteristic of pristine sites. At our rewetted peatlands, the water table was significantly higher than at the drained sites, but still experienced significant temporal fluctuation. This is because SOM in the long-term drained sites was not able to effectively retain water due to its increased bulk density and decreased porosity [8, 43] . Therefore, complete restoration of the original hydrological conditions is expected to occur only once a suitably thick layer of new peat has been accumulated [44, 45] .
The increase in the water table permitted recolonisation by typical peatland plant species, especially Sphagnum mosses and sedges, and subsequently forced the retreat of dwarf shrubs and die-off of trees that dominated the drained sites. The coverage of Sphagnum and sedges in the rewetted SSF sites doubled within 4 years; this occurred after the previous vegetation description of the same sites by Mastný et al. [29] . However, the Sphagnum cover is still patchy and an accumulation of new peat has not been detected 6-15 years after rewetting.
Some studies estimated that two to three decades are needed for the re-establishment of a moss carpet and development of a new functional acrotelm [45] [46] [47] . We assume that the regeneration rate of the surface layer in forested drained peatlands may be even slower than in mined peatlands with a bare surface [45, 46, 48] . In fact, the heterogeneous surface of the non-mined peatlands could hinder the development of a Sphagnum carpet and enable longterm survival of the forest species.
As not enough new organic matter had yet accumulated on the restored sites, we found no significant change in overall SOM quality after rewetting. However, statistical visualisation of SOM quality did already show some dissimilarity between the rewetted and drained sites, with a reduced proportion of recalcitrant compounds especially in the SSFr sites reflecting input of fresh litter. In restored SSF, with the rise in water table pH increased to the level of the pristine sites, indicating a return of prevailing anaerobic conditions. Despite the absence of pronounced changes in SOM quality, changes in microbial characteristics were detected in rewetted sites. In bogs, soil microbial biomass reached the levels characteristic for pristine sites within 6-15 years after rewetting. Similar observations exist for restored cutaway bogs [22, 23] . However, the same was not the case in restored SSF, where the microbial biomass remained as low as in the drained sites. This lack of response is likely due to the stronger changes at the SSF sites and more time may be needed to approach the original state. The spreading vegetation provided microbes with easily available C by root exudation and fresh litter, which supported aerobic and anaerobic CO 2 production as well as methanogenesis. The enhancement of methanogenesis is another indicator of the return of stable anaerobic conditions, besides the increased pH. The parameters of microbial activity, such as anaerobic respiration and methanogenesis, followed the trend that had been detected in the previous study by Mastný et al. [29] , in which these authors showed that the values gradually began approaching the pristine level. The enhancement of C availability in the restored systems was also reflected in the C:P stoichiometry of enzyme activity moving towards the situation in the pristine sites.
In summary, we found that rewetting initiated the spread of typical peatland plant species, which is a necessary prerequisite for the successful re-establishment of high water retention capability, organic matter accumulation and anaerobic microbial processes that are characteristic for the pristine forms of these ecosystems [3] . Plant recolonisation of rewetted peatlands is a slow process, hence the lack of any significant changes in the quality of bulk SOM during the 6-15 years following rewetting. However, the stimulation of microbial biomass and its respiration indicated an enhanced input of easily available organic matter by the vegetation and the success of the restoration process.
SOM quality analysis with infrared spectroscopy
When comparing differences in SOM quality between peat from pristine, drained and rewetted sites, fast and low-cost infrared spectroscopy gave results comparable to those obtained from traditional chemical fractionation. PLS regression models enabled quantification of SOM quality parameters with good accuracy. These results are all in line with earlier studies where infrared spectroscopy, both in the mid-and near-infrared ranges, has been successfully tested or used for evaluation of SOM quality of peat and for monitoring of restoration progress in peatland ecosystems [25, 29, 49, 50] .
Conclusions -Suggested indicators of restoration progress in peatlands
A rise of the water table and proliferation of typical peatland vegetation are the first indicators that mechanistic functioning of these systems is being restored. Recovery of belowground ecosystem characteristics may take longer and should be useful for the evaluation of the success in overall restoration of natural peatland functioning, including microbial activity and peat decomposition dynamics.
Based on our results, we suggest that soil microbial biomass C and anaerobic CO 2 production are universal early indicators of belowground changes connected with the input of new, easily degradable plant-derived organic matter. Additionally, in minerotrophic peatlands increasing pH and CH 4 production are early and sensitive indicators of belowground changes.
We cannot recommend enzyme activities as indicators of change, as suggested by Nurulita et al. [28] who worked in burned tropical peatlands. We showed that the responses of enzymes in general and of phosphatase in particular are ambiguous, possibly small, and in our case also system-dependent.
Using only microbial indicators is not sufficient to evaluate the restoration success of peatlands or the recovery of their functioning as C sinks. Full restoration of peat-forming vegetation and peat bulk density can be used as indicators of the long-term progress of restoration. Table 1 . Basic physical (bulk density) and chemical (pH; total C, N and P content and their stoichiometric ratios) properties of peat from the upper (0-10 cm) and lower (10-30 cm) soil layers in pristine, restored and drained BOG and SSF (mean; n=12; ±SD). Different letters indicate the significant differences in particular characteristics among differently managed sites within a given soil layer (p < 0.05). The results of factorial ANOVA with management (M) and layer (L) as categorical predictors are shown (F value); asterisks show the different levels of significance: * p < 0.05, ** p < 0.01, *** p < 0.001. Table 2 . Average concentration of microbial biomass C and N and their stoichiometric ratio, aerobic and anaerobic CO 2 and CH 4 potential production (CO 2 aer, CO 2 anaer, CH 4 anaer) and sum of potential activities of hydrolytic and oxidative enzymes in the upper (0-10 cm) and lower (10-30 cm) soil layers in pristine, restored and drained BOG and SSF (mean; n=12; ±SD). Hydrolytic enzymatic activity is further divided into four classes and the percentage proportion of C, CN and P gaining enzymes in total hydrolytic enzyme activity is shown. Different letters indicate significant differences in particular characteristics among differently managed sites within a given soil layer (p < 0.05). The results of factorial ANOVA with management (M) and layer (L) as categorical predictors are shown (F value); asterisks show the different levels of significance: * p < 0.05, ** p < 0.01, *** p < 0.001. Figure 1 . PCA ordination diagram of vegetation community similarity between the pristine (green symbols), drained (red symbols) and restored (blue symbols) BOG and SSF study sites based on the percentage cover of plant functional groups in herbal and moss layers (sedges, dwarf shrubs, grasses, herbs, Sphagnum mosses, other mosses) and number of species. SSF, and on the infrared spectroscopy-derived quality of soil organic matter in e) BOG and f) SSF. (BD -bulk density; CO2aer -aerobic CO 2 potential production; CO2anaer -anaerobic CO 2 potential production; CH4 -CH 4 potential production; Ehydr -total potential activity of hydrolytic enzymes; Eox -total potential activity of oxidative enzymes) Figure 4 . PLS regression models for quantification of SOM quality parameters from infrared spectra. Y axis shows the reference values from chemical fractionation that were used for calibration of the models, and X axis the resulting estimations from infrared spectra. C total and N total represent total C and N; C lignin and N lignin represent C and N in the non-hydrolysable residue (NON) fraction; C polysaccharide and N polysaccharide represent C and N in the cold water extractable (CW) + hot water extractable (HW) + acid hydrolysable (HAE) fraction. RMSE is the root mean square error of prediction expressed in mg g -1
BOG
, with the ratio of RMSE to the average reference value given as a percentage in parentheses.
